Objective-The posttranslational regulation of GTP cyclohydrolase I (GCH-1), the rate-limiting enzyme for tetrahydrobiopterin (BH4) synthesis, remains elusive. Here, we identified specific phosphorylation sites on GCH-1 and characterized the function of these sites. Methods and Results-Mass spectrometry studies showed overexpressed rat GCH-1 was phosphorylated at serine (S) 51, S167, and threonine (T) 231 in HEK293 cells, whereas a computational analysis of GCH-1 revealed 8 potential phosphorylation sites (S51, S72, T85, T91, T103, S130, S167 and T231). GCH-1 activity and BH4 were significantly decreased in cells transfected with the phospho-defective mutants (S72A, T85A, T91A, T103A, or S130A) and increased in cells transfected with the T231A mutant. BH4 and BH2 were increased in cells transfected with S51E, S72E, T85E, T91E, T103D, or T130D mutants, but decreased in cells transfected with the T231D mutant, whereas cells transfected with the S167A or the S167E mutant had increased BH2. Additionally, cells transfected with the T231A mutant had reduced GCH-1 nuclear localization and nuclear GCH-1 activity. Conclusion-Our data suggest GCH-1 activity is regulated either positively by phosphorylation S51, S72, T85, T91, T103, and S130, or negatively at T231. Such information might be useful in designing new therapies aiming at improving BH4 bioavailability.
G TP cyclohydrolase I (GCH-1) is the first and ratelimiting enzyme for tetrahydrobiopterin (BH4) biosynthesis. 1 BH4 is an essential cofactor for aromatic amino acid hydroxylases, nitric oxide synthase (NOS) isoforms, and glyceryl-ether monooxygenase. 2 Mutations in GCH-1, resulting in BH4 deficiency, have been shown to cause phenylketonuria and Dopa-responsive dystonia (DRD). BH4 critically regulates NOS activity. BH4 shifts the NOS heme iron into a high spin state and increases the affinity of the enzyme for arginine. BH4 also facilitates the electron transfer from NOS reductase and structurally stabilizes NOS dimmers (review 1 ). When BH4 is limited, reduction of O 2 by NOS is not coupled to L-arginine oxidation resulting in superoxide anion (O 2 ⅐Ϫ ) generation rather than nitric oxide (⅐NO) production. BH4 is easily oxidized to 6, 7, 8-trihydrobiopterin or 7, 8-dihydrobiopterin (BH2), making it useless for NOS. Increased BH4 depletion or oxidation has been linked to hypertension, atherosclerosis, diabetes, cardiac hypertrophy, and myocardial ischemia. 3 The role of GCH-1 in cardiovascular physiology in regulating BH4 and NOS activity has been investigated in vitro and in vivo. In endothelial cells, GCH-1 gene transfer increases BH4 more than 10-fold over baseline levels, accompanied by a marked increase in eNOS-dependent ⅐NO production. 4 Transgenic mice made to express human GCH-1 in vascular endothelial cells have a 3-fold increase in vascular BH4 and a marked decrease in endothelial O 2 ⅐Ϫ production, which preserves ⅐NO bioavailability compared with wild-type littermates. 5 Overexpression of eNOS in transgenic mice increases eNOS-dependent O 2 ⅐Ϫ production. 6 Yet, when the eNOS transgenic mice are crossed with GCH-1 transgenic mice, O 2 ⅐Ϫ generation is normalized. 6 GCH-1 appears to be finely regulated by phosphorylation. GCH-1 phosphorylation was increased in cells stimulated by angiotensin II, platelet-derived growth factor, and TPA, and the increase in phosphorylation was correlated with increased enzyme activity and BH4 production. 7 Overexpressed GCH-1 has been shown to exist in a phosphorylated form in mast cells and phorbol ester stimulates GCH-1 phosphorylation and BH4 production which could be inhibited by PKC inhibitors. 8 A more recent study showed that shear stress increases GCH-1 phosphorylation at Serine-81 and enzyme activity in human endothelial cells by a casein kinase IIdependent mechanism. 9 Although phosphorylation of GCH-1 appears to regulate activity, systematic studies examining how these potential phosphorylation sites regulate enzyme activity have not been performed.
The purpose of the present study is to identify potential phosphorylation sites in GCH-1 and to determine the functional role of specific phosphorylation sites.
Materials and Methods
An expanded Materials and Methods section can be found in the supplemental materials (available online at http://atvb.ahajournals.org).
Plasmids Construction
GCH-1 cDNA from Sprague Dawley rats was cloned into pcDNA5/ FRT/TO/Topo/TA (Invitrogen, Harlan, Ind.) with a FLAG epitope. Flag-GCH-1 phospho-defective mutants (Serine/Theonine [S/T] to alanine [A]) or phospho-mimic mutants (S/T to glutamic acid [E] or aspartic acid [D]) were generated using QuikChange II Site-Directed Mutagenesis Kits (Stratagene). GCH-1 mutants were named as S51A, S51E or S51D, and so forth. GCH-1-GFP and T231A-GCH-1-GFP were also constructed.
Cells
Flag-GCH-1 and its mutants were cotransfected with POG44 (Invitrogen) into Flp-In T-REx-293 cells (Invitrogen) to establish stable cell lines or transiently into bovine aortic endothelial cells (BAECs). The cells expressing wild-type (WT) or its mutants were named as WT-GCH-1, S51A-GCH-1, S51D-GCH-1 cells, and so forth. Cells were treated with/without tetracycline (1 g/mL) for 24 hours in all experiments to regulate the plasmid expression.
Determination of Subcellular Localization of GCH-1
Nuclear and cytoplasmic extracts were prepared from the cells using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Pierce) according to the manufacturer's instructions.
Mass Spectrometry Analysis
Top down mass spectrometry was used to analyze intact FLAG-GCH-1 from HEK 293 cells. FLAG-GCH-1 was desalted using an offline reverse phase protein microtrap (Michrom Bioresources Inc) and introduced to the mass spectrometer using an automated chipbased nanoESI source (Triversa NanoMate, Advion BioSciences; ESI/FTMS). Bottom-up mass spectrometry was used with in solution trypsin digestion of FLAG-GCH-1. After digestion, the resulting peptide mixture was separated by a nano-2DLC chromatographic system with a C18 column (Eksigent) and subsequently analyzed online using an LTQ mass spectrometer (Thermo Scientific Inc). In addition, bottom up mass spectrometry was used with in-gel digestion. FLAG-GCH-1 was immunoprecipitated and isolated by SDS PAGE. The GCH-1 band was excised, destained, and digested. The resulting peptides were enriched for phosphopeptides by immobilized metal ion affinity chromatography and analyzed on a Voyager DE-Pro matrix-assisted laser desorption ionization time-of-flight mass spectrometer (MALDI-TOF MS) (Applied Biosystem).
Statistical Analysis
Data are expressed as meanϮSEM. Significance of differences between the means was determined by unpaired 2-tailed t tests or ANOVA with the appropriate posthoc test. A value of PϽ0.05 was considered to be significant. A nonparametric test, the Mann-Whitney test, was also used to assess levels of significance.
Results

GCH-1 Is Phosphorylated at S167, S51, and T231
Immunoprecipitation (IP) of FLAG-GCH-1 from WT-GCH-1 cells and Western blot analysis for phospho-threonine (T) or phospho-serine (S) showed both threonine phosphorylation (strong signal) and serine phosphorylation (relatively weak signal) in GCH-1 ( Figure 1A ). Reverse IP for phospho-threonine and Western blot for anti-FLAG showed strong GCH-1 bands ( Figure 1A and supplemental Figure I ). Because the serine phosphorylation signal was relatively weak (possibly because of the sensitivity of phospho-antibodies), reverse IP was not performed. It is well known that phosphorylation alters protein surface charges and protein isoelectric points prompting a shift in horizontal migration in 2D gels. We observed at least 4 distinct horizontally migrating spots ( Figure 1B ) that were identified to be GCH-1 by MS. After GCH-1 was run on a 1D gel, coomassie staining revealed a robust band at Ϸ30kD ( Figure 1C ). Western blot analysis, performed in parallel, confirmed this band to be FLAG-GCH-1 (data not shown). MALDI-TOF MS analysis of this band identified 21 peptides covering 72% of GCH-1 sequence. The molecular ions for peptide REDPKpT 231 RE (residues 226 to 233) and peptide LARIVEIYpS 167 R (residues 159 to 168) were detected in their phosphorylated form with [MϩH] ϩ at m/z 825.3322 and 1299.7010, respectively. The mass of their nonphosphorylated peptides were 745 and 1219.7157 respectively (mass loss Ϸ80 Da), indicating that T231 and S167 were phosphorylated. ESI/FTMS analysis of FLAG-GCH-1 revealed that it is phosphorylated with the relative percentage of unphospho and phosphorylated forms of approximately 80% and 20% ( Figure 1D ). The accurate molecular weights measured for the unphosphorylated GCH-1 is 28093.35, which matched to the DNA-predicted sequence with one acetylation. The tandem mass spectrometry (MS/MS) data acquired on one single charge state (M 32ϩ ) of GCH-1 protein ions using CAD unambiguously confirmed the protein sequence and located the acetylation to the N terminus (data not shown). In-solution digestion of GCH-1 using trypsin resulted in 30 peptides covering 81% of the sequence. ESI/LC/MS analysis of the tryptic peptides identified one phosphopeptide A(54 -79)R with an experimental molecular weight of 2936.26 that matched well with the calculated molecular weight of the phosphorylated A(54 -79)R. MS/MS of phosphorylated A(54 -79)R localized the phosphorylation site to Ser59 corresponding to Ser51 in endogenous GCH-1 ( Figure 2 ).
Prediction of GCH-1 Phosphorylation Sites
To identify all potential phosphorylation sites, we used bioinformatics tools combined with literature searches. Pred-Phospho, NetPhosK 2.0, and Scansites together with PubMed were used to predict where rat GCH-1 might be phosphorylated (supplemental Table II ). Seven sites (S51, S72, T85, T91, S103, T130, and T231) appeared in the output of all 3 analyses. Exceptions to this were S68 and S167, which were predicted to be phosphorylated by PredPhospho but not by others; and T97, which was predicted to be phosphorylated only by NetPhosK. Based on this information, we chose to examine the roles of 7 potential sites (S51, S72, T85, T91, S103, T130, and T231) and the S167 site (based on our MS data) in regulating GCH-1 activity. Each site was further examined for solvent accessibility as well as its position in the 3D crystal structure of GCH-1 using PHD software (http://cubic.bioc.columbia.edu). We learned that all of the selected sites, except S130 and S167, had high solvent accessibility (data not shown). Homology studies revealed that all 8 sites were highly conserved in rat, mouse, and human, except for T91 where serine replaces threonine in the human GCH-1 sequence (supplemental Figure II ).
GCH-1 Activity of Phospho-Deficient GCH-1 Mutants
To examine the functional consequence of these 8 predicted phosphorylation sites on GCH-1 activity, we mutated the S or T to D/E or A (gain or loss of function) by site-directed mutagenesis. As shown in Figures 3A and 4A , tetracycline (1 g/mL, 24 hours) significantly and consistently increased GCH-1 and its mutants' expression. As expected, overexpression of GCH-1 significantly increased total cellular GCH-1 activity, which was Ϸ28-fold greater than in unstimulated cells ( Figure 3B ). Interestingly, cells expressing S72A-, T85A-, T91A-, T103A-, or S130A-GCH-1 mutants had significantly reduced GCH-1 activity compared with WT-GCH-1 cells; particularly in the T85A-GCH-1 cells, where GCH-1 activity was reduced by 67%. Surprisingly, T231A-GCH-1 cells demonstrated enhanced GCH-1 activity (Ϸ23% more than in WT-GCH-1 cells). However, no noteworthy changes in GCH-1 activity were observed in S51A-GCH-1 cells or S167A-GCH-1 cells compared with GCH-1 activity in WT-GCH-1 cells. These results suggest that GCH-1 may be regulated at multiple sites of phosphorylation, which could influence activity either positively or negatively.
Pteridine Production by GCH-1 Phospho-Deficient Mutants
Because BH4 is the ultimate end-product of GCH-1 activity and the other enzymes in BH4 biosynthetic pathway are not limiting, any alteration in GCH-1 activity should result in a corresponding change in BH4 production. Tetracycline stimulation of WT-GCH-1 cells significantly increased BH4 and BH2 production compared with nonstimulated cells ( Figure 3C and 3D). Similar to the results of GCH-1 activity, cells expressing GCH-1 phospho-deficient mutants, except the S51A and the S167A-GCH-1 mutant, had correspondingly reduced BH4 levels, compared with WT-GCH-1 cells. The most reduced BH4 levels were observed in T85A-GCH-1 and S130A-GCH-1 cells (decreased by 50Ϸ55%). In contrast, T231A-GCH-1 cells produced nearly 2-times BH4 of WT-GCH-1 cells, although GCH-1 activity in these cells was only about 23% more than in WT-GCH-1 cells. Interestingly, there was some disparity in BH2 levels among cells expressing the different mutants. No changes in BH2 levels were observed in cells expressing the S51A-, S72A-, T85A-, T91A-, T103A-, or S130A-GCH-1 mutant, whereas cells expressing the S167A and T231A-GCH-1 mutants had elevated BH2 levels (50% and 171%, respectively) compared to cells expressing WT-GCH-1 ( Figure 3D ). These results suggest that phosphorylation of GCH-1 differentially influences biosynthesis of BH4 and the accumulation of BH2. Further, in BAECs, GCH-1 overexpression resulted in a 10-fold increase of BH4 over baseline levels. The T85A mutation significantly blunted whereas the T231A mutation further en-hanced BH4 production compared to WT-GCH-1 expressing BAECs (supplemental Figure III) .
Pteridine Production by Phospho-Mimic GCH-1 Mutants
To determine whether mutating GCH-1 to mimic phosphorylation induces a "gain of function" effect on BH4 produc- tion, we measured BH4 and BH2 in cells stably expressing phospho-mimic GCH-1 mutants. As expected, BH4 levels were increased in cells expressing S72E-, T85D-, T91E-, T103D-, or S130D-GCH-1 mutants and significantly decreased in cells expressing the T231D-GCH-1 mutant compared with WT-GCH-1 cells. Cells expressing the S167E-GCH-1 mutant had no significant change in BH4 production ( Figure 4B ). Interestingly, cells expressing the S51E-GCH-1 mutant produced high BH4 concentrations, indicating that phosphorylation of S51 may also positively regulate BH4 biosynthesis. Cells expressing T231D-GCH-1 mutant had appreciably less BH2 than cells expressing WT-GCH-1, whereas cells expressing any of the other mutants had increased BH2 levels compared with WT-GCH-1 cells ( Figure 4C ).
The Effect of Mutation on Nuclear GCH-1 Content and Subcellular Activity
Although most of the GCH-1 protein resides in the cytoplasm, GCH-1 has also been found in the nucleus. 10 Interestingly, our proteomic studies of GCH-1 revealed that 20% of the proteins that GCH-1 interacts with are nuclear proteins. 11 As shown in Figure 5 , there was a fair amount of GCH-1 expression in the nucleus of WT-GCH-1 cells. We used GAPDH and HSP90 as cellular markers to control for contamination in the nuclear fractions. As the same amount of protein was loaded in each lane, it was clear that the contamination of cytosolic proteins in the nuclear fraction was very low ( Figure 5D ). Interestingly, the T231A-GCH-1 cells had significantly less GCH-1 in nucleus compared to WT-GCH-1 cells; however, these cells did not appreciably increase GCH-1 cytoplasmic content. Transfection of T231D-GCH-1 mutant resulted in a substantial increase in the cytoplasmic expression of GCH-1 compared with the levels in WT-GCH-1 cells. Even though there was more GCH-1 in the nucleus of T231D-GCH-1 cells than in the T231A-GCH-1 cells, the amount of nuclear GCH-1 in T231D-GCH-1 cells was still less than in WT-GCH-1 cells ( Figure 5 , supplemental Figure IV ). Using constructs of GFP fusion protein with WT-GCH-1 and T231A-GCH-1, we found that GCH-1 was distributed both in the cytosol and the nucleus. However, the nuclear localization of GCH-1 was significantly reduced in the T231A-GCH-1 cells ( Figure 5C ). To determine whether the subcellular localization affects GCH-1 activity, cytoplasmic and nuclear extracts from these cells were examined for GCH-1 activity. Cytoplasmic GCH-1 activity in WT-GCH-1 cells was about 3 times the GCH-1 activity in nuclear fractions ( Figure 6A and 6B) . For the most part, the pattern of subcellular GCH-1 activity was similar to the whole cell GCH-1 activity. The one exception was the T231A mutant, which had markedly decreased GCH-1 activity in the nucleus ( Figure 6A and 6B and supplemental Figure IV ).
Discussion
The present study was designed to systematically determine how multiple potential phosphorylation sites might regulate GCH-1 activity. Although previous works indicate GCH-1 was phosphorylated 8 and shear stress could phosphorylate human GCH-1 at serine 81 (corresponding to S72 in the rat sequence) to increase BH4 production, 9 our data indicate that GCH-1 activity is likely regulated at multiple sites. We have used top-down mass spectrometry to observe all possible modifications on GCH-1, which confirmed that HEK 293 cell expressed GCH-1 is phosphorylated. Subsequently, we have applied in-solution and in-gel digestion of GCH-1 via the bottom-up mass spectrometry and identified 3 phosphorylation sites (S51, S167, and T231). Then we have taken a mutagenesis approach and characterized the function of these potential phosphorylation sites with respect to GCH-1 activity, biosynthesis of BH4 and BH2, and enzyme localization. We found that GCH-1 contains 8 putative phosphorylation sites; the phosphorylation mimic mutation at S51, S72, T85, T91, T103, and S130 increased enzyme activity whereas phosphorylation mimic mutation at T231 decreased GCH-1 activity; and mutation at T231 alters GCH-1 nuclear localization.
We found that GCH-1 was phosphorylated at both threonine and serine sites ( Figure 1A) . MS data confirm that GCH-1 is phosphorylated at S51, S167, and T231. S167 lies within the core domain of GCH-1, which has been predicted to be a good candidate for phosphorylation in a previous study. 12 Although S167 is buried within the enzyme, it may be exposed during conformational changes when GCH-1 binds to other interacting partners (eg, BH2, GFRP, or phenylalanine). 2D gels of cell lysates from WT-GCH-1 cells revealed that GCH-1 migrates horizontally in several distinct spots ( Figure 1B) . As horizontal migration is a function of "electro charge," such patterns suggest GCH-1 may possess multiple phosphorylation sites. As the level of GCH-1 phosphorylation was only partially decreased in the T231A-GCH-1 cells compared with the WT-GCH-1 cells (data not shown), phosphorylation at T231 may downregulate GCH-1 activity, and other threonine sites may also be involved. Indeed, GCH-1 possesses 13 threonines, 4 of which are potential candidates. As the commercially available GCH-1 antibodies (tried so far) do not work well for immunoprecipitation, we limited our study to overexpressed FLAG-GCH-1 rather than endogenous GCH-1 phosphorylation. Although 8 potential phosphorylation sites were predicted by software analysis, only 3 of them have been confirmed by state-of-theart proteomic approaches. We speculate that not all the potential phosphorylation sites are phosphorylated under basal conditions in HEK cells and that the regulation of phosphorylation may be cell-specific and stimuli-specific. In addition, our data using top down mass spectrometry showed that only about 20% of GCH-1 in HEK cells under basal conditions is phosphorylated. Phosphorylated amino acid residues have been shown to interfere with trypsin cleavage, 13 which might prevent MS detection of the appropriate phosphorylated peptide fragment. In addition, phospho moieties on threonine can be easily lost during MS analysis. In future studies detection of other phosphorylation sites may be possible by using a combination of different digestive enzymes or more advanced equipment that provides for gentle dissociation.
In our studies, we took a mutagenesis approach to determine how potential phosphorylation sites in GCH-1 might influence enzyme activity with the understanding of the limitations and potential controversies. Although classical signal transduction analysis holds that one should look for peptide fragments containing phosphorylated S, T, and Y residues, site-directed mutagenesis has been used to change the charge of proteins to mimic phosphorylation/dephosphorylation. Using this approach we can gain insight into how a change in the charge of a protein at a particular location alters protein function even in the absence of direct proof of protein phosphorylation. To minimize the number of mutated constructs that could be required, we analyzed GCH-1 sequences with 3 different kinds of phosphorylation prediction software. We identified 8 putative phosphorylation sites. Using this approach, the S51 and T231 sites were identified by all 3 software programs, whereas the S167 site was predicted by only 1 software program. More importantly, MS confirmed that all 3 predicted sites were phosphorylated. Based on this success we speculate that the remaining 5 phosphorylation sites may be involved in regulating GCH-1 activity.
In our mutagenesis study, we found that 5 alanine mutations (S72A, T85A, T91A, T103A, and S130A) decreased cellular GCH-1 activity and BH4 (Figure 3 ). T85, T91, and S130 are located at the active site of the enzyme 14 (supplemental Figure II) , thus it is logical that a change in charge might affect GCH-1 activity. T103 stands between 2 ␣-helices, and its phosphorylation may induce structural changes that would in turn influence enzyme activity. Clinically, mutations in the GCH-1 gene are common causes of BH4 deficiency, leading to inherited neurological diseases like DRD. Interestingly, S81 and T94 were found either deleted or mutated into lysine in certain DRD patients, 15 and these 2 sites correspond to sites S72 and T85 in the rat sequence. When we mutated GCH-1 to substitute alanine for these amino acids GCH-1 activity decreased. A recent report shows that laminar shear stress increased human endothelial cell GCH-1 activity by a mechanism involving phosphorylation of GCH-1 at S81. 9 In our study, mutations resulting in D/E substitutions for S51, S72, T85, T91, T103, or T130 obviously increased cellular BH4 production ( Figure 3B ). This indicates that phosphorylation at these sites may positively regulate GCH-1 activity and BH4 biosynthesis.
BH4 constitutes about 80% of total biopterin and can be oxidized to BH2 naturally by hydroxylation, autooxidation, or oxidative stress. 2 BH2 can also be converted back to BH4 by dihydrobiopterin reductase or dihydrofolate reductase. High BH4 concentrations may be accompanied by an increase in hydroxylation rates as we observed in cells expressing S51E, S72E, T85D, T91E, T103D, S130D, or the T231A mutant. Each of these cell lines had higher levels of BH4 with a corresponding increase in BH2 levels (Figures 3 and 4) . Protein crystallization studies of GCH-1 showed that T231 participated in direct hydrogen bonding to BH2. 14 Accordingly, the alanine mutation may reduce BH2 binding, resulting in an increased release of BH2 that may, in turn, stimulate GCH-1 activity.
Although MALDI-TOF MS studies indicated that GCH-1 was phosphorylated at S167, mutation at this site did not affect GCH-1 activity or BH4 biosynthesis (Figures 3B, 3C , and 4B). However, both S167A-GCH-1 and S167E-GCH-1 cells had increased BH2 levels, indicating that this site may influence BH2 metabolism. Our LC/MS/MS data unambiguously showed that GCH-1 was phosphorylated at S51 ( Figure  2 ). Interestingly, mutating S51 to A has no effect on GCH-1 activity or BH4 and BH2 biosynthesis, but mutating it to E increased both cellular BH4 and BH2 production. Intriguingly, the S51 site (a. a RPRSEEDN) is also a consensus recognition sequence for PKC and CKII, 2 kinases previously reported to phosphorylate GCH-1. 7, 9 Although site-directed mutagenesis has been used for many years now to "mimic" phosphorylation/dephosphorylation, it is rare that in nature an enzyme is fully phosphorylated/dephosphorylated. In addition, subtle changes in protein structure caused by D/E or A substitutions might also affect enzyme function differently from dephosphorylation or phosphorylation in nature, which might explain the discrepancies between A mutants and D/E mutants.
Nuclear localization of GCH-1 has been observed in COS-1 cells, 10 epidermal keratinocytes, and melanocytes. 16 Nuclear GCH-1 is also reported to be enzymatically active in these cells. iNOS and nNOS are cytosolic proteins, whereas eNOS resides mainly in the plasma membrane and the perinuclear Golgi complex, and its enzyme activity is controlled tightly by its subcellular localization. 17 Recently, eNOS, iNOS, and nNOS have also been found in the nucleus to mediate nuclear function via ⅐NO signaling. [17] [18] [19] [20] Nuclear Figure 6 . The effect of GCH-1 phosphorylation mutation on subcellular GCH-1 activity. The cytoplasmic and nuclear GCH-1 activity for cells expressing WT-GCH-1 or its phospho-defective mutants were shown in A and B, respectively. nϭ3, #ϭPϽ0.05 vs GCH-1 cells without tetracycline; *PϽ0.05 and NSϭnot significant vs GCH-1 with tetracycline.
localization of GCH-1 may make BH4 more available to the NOS isoforms in the nucleus to help maintain NOSdependent ⅐NO generation. Consistent with this idea, we observed that GCH-1 was localized in the nucleus and that the enzyme was active. Further studies are required to determine why and how GCH-1 translocates to the nucleus.
In summary, we identified 8 candidate phosphorylation sites in GCH-1 and characterized the function of these potential sites with respect to GCH-1 activity, biosynthesis of BH4 and BH2, and enzyme localization. Our report is the first to show that GCH-1 is regulated by multiple phosphorylation sites, both positively and negatively. To our knowledge, this is also the first study to identify S51, T231, and S167 as important regulatory phosphorylation sites on GCH-1. These findings should provide new insight into our understanding of the cellular mechanisms regulating BH4 production (or lack thereof) in cardiovascular and neurological diseases such as hypertension, coronary heart disease, diabetes, and DRD.
